Abstract: Refrigeration oil has a large effect on the performance of refrigeration systems. However, the physical and chemical indexes of fresh refrigeration oils often fail to reflect the actual operating characteristics, especially with respect to the degradation of refrigeration oils. In this paper, a bench evaluation test of refrigeration oils was carried out to investigate the degradation of synthetic refrigeration oils used with the refrigerant R134a, in a purpose-built, full-scale refrigeration system utilizing a screw compressor. To accelerate the degradation process of the refrigeration oil, the discharge temperature at the exit of the compressor was turned to a high level. Comparison tests of a mature refrigeration oil type A and a newly developed oil type B were performed under the same working conditions with 500 h of operating time. The performance of the screw compressor and refrigeration system was analyzed. The abrasion of the screw rotors and carbon deposition at the discharge port was investigated. Results showed that the bench evaluation test successfully predicted the degradation process of the refrigeration oils. The evolution analysis of the refrigeration oil viscosity and acid value during the bench evaluation test indicated that 15% of the physical and chemical indexes for refrigeration oil drain were too strict. Research work in this paper showed a more practical method to evaluate the performance of refrigeration oils through the bench evaluation test.
Introduction
Refrigeration oil is very important for lubricating, sealing, cooling and clearing the system of unwanted particles in the flow [1] in vapor compression refrigeration systems. In addition, the oil can decrease the vibration of the compressor [2] . This topic has been widely researched, and several standards have been formulated to select refrigeration oils for different types of compressors. These standards suggested different physical and chemical indexes for compressors under varying operating conditions. Thus, most research focused on the characteristics of fresh refrigeration oil. However, the physical and chemical indexes of fresh refrigeration oils sometimes failed to reflect the actual operating characteristics [3] . Performance tests of the refrigeration oil in refrigeration systems were often recommended for evaluating refrigeration oils.
When the fresh refrigeration oil is injected into the compressor, chemical reactions, such as oxidation and decomposition during the compression process, result in degradation of the refrigeration oil [4] . These changes then alter the physical and chemical indexes, leading to failure of the fluid to provide proper lubrication. Reaction principles of lubricant oils for engines have also been well researched. The degradation was mainly caused by chemical reactions, while the reaction speed was related to the working temperature [5] . In addition to these studies, chemical models of the effects of the oil on different components within the system were related to the temperature [6] . For refrigerant oil, the chemical situation is much clearer, due to no oxidizing agent being present in the system. Thus,
The Theoretical Basis of an Accelerated Degradation Bench Test
Synthetic fluids often lose their structural integrity via thermal, oxidative, and chemical degradation [1] . Increases in these reactions would result in an increase in degradation speed, resulting in low service life of the refrigeration oil. The degradation speed is related to chemical substances, temperature, and pressure. For most lubricants, the temperature is the main influential factor. The relationship between temperature and useful life time of many synthetic lubricants has been tested, as shown in references [16, 17] . It is found that the correlation of the synthetic lubricants between the working temperature, T, and the service lifetime, H, can be described by the following equation:
where a and b are coefficients as shown in Table 1 . It can be seen that the coefficient a for these oils is similar, between −0.0295 and −0.03. If the average value −0.0296 was taken as the coefficient a for all of those oils, the lifetime of the lubricant oil under working temperature T 1 and T 2 , representing the real operation temperature and the accelerated test temperature, respectively, would be calculated in the following equation:
Therefore, the service time of the accelerated test can be obtained by Equation (2) with the combination of the lifetime under the real operation and the two temperature values. According to this equation, if the working temperature was increased by 10 • C, the lifetime would be reduced by 50%. This provides the theoretical base for the accelerated degradation bench test. In this paper, in order to evaluate the lifetime of the refrigeration oil, the discharge temperature of the compressor is controlled to be much higher than normal working temperature in the actual refrigeration system. The refrigerant R134a is used as the working refrigerant in the experimental study, and the standard operating conditions are listed in Table 2 . To accelerate the degradation process of the refrigeration oil, the discharge temperature of the studied compressor is increased to 94 • C. The testing condition is shown in Table 3 . According to Equation (2) , 100 h of service time of the refrigeration oil in the test bench system is equivalent to about 1668 h of service time in an actual system under the standard operating condition. Thus, 500 h of operating time under the experimental working conditions are set to evaluate the performance of the refrigeration oil for the oil service time of about 8300 h under the standard operating conditions. The viscosity and acid value are chosen as the main evaluation indexes. According to German Standard of Lubricants-Refrigerator oils-Part 2 (DIN 51503-2), if the change of the viscosity and acidity of the refrigeration oil is less than 15%, the oil is considered to successfully pass the test. Figure 1 shows a schematic diagram and a picture of the experimental test bench. It consists of three loops, being the refrigerating system loop, the regeneration loop, and the oil circulation loop. In the refrigerating loop, the refrigerant flows into the compressor, where it mixes with the oil. The refrigerant-oil mixture is discharged from the compressor into the separator, where the refrigerant and oil separates. The refrigerant vapor flows to the condenser, where it is condensed and then is throttled into the evaporator. In the evaporator, the refrigerant absorbs the thermal energy from the regeneration loop and vaporizes. Then the refrigerant vapor enters the compressor, and the next cycle starts. The lubricating oil is injected into the refrigerant in the compression chamber to cool the compressed refrigerant vapor. At the same time, the oil seals the compressor linkage path and lubricates the compressor. In the regeneration loop, water circulates between the condenser and evaporator to transfer the thermal energy from the condenser to the evaporator. In the oil circulation loop, the oil separated from the separator flows into the oil-water heat exchanger, where it is cooled by the cooling water from the cooling tower. The cold oil is then introduced to the compressor. Some of the oil is injected into the compression chamber to cool the compressed refrigerant vapor, in order to control the discharge refrigerant temperature, while the remaining oil is used to lubricate the bearings of the compressor. condition. Thus, 500 h of operating time under the experimental working conditions are set to evaluate the performance of the refrigeration oil for the oil service time of about 8300 h under the standard operating conditions. The viscosity and acid value are chosen as the main evaluation indexes. According to German Standard of Lubricants-Refrigerator oils-Part 2 (DIN 51503-2), if the change of the viscosity and acidity of the refrigeration oil is less than 15%, the oil is considered to successfully pass the test. Figure 1 shows a schematic diagram and a picture of the experimental test bench. It consists of three loops, being the refrigerating system loop, the regeneration loop, and the oil circulation loop. In the refrigerating loop, the refrigerant flows into the compressor, where it mixes with the oil. The refrigerant-oil mixture is discharged from the compressor into the separator, where the refrigerant and oil separates. The refrigerant vapor flows to the condenser, where it is condensed and then is throttled into the evaporator. In the evaporator, the refrigerant absorbs the thermal energy from the regeneration loop and vaporizes. Then the refrigerant vapor enters the compressor, and the next cycle starts. The lubricating oil is injected into the refrigerant in the compression chamber to cool the compressed refrigerant vapor. At the same time, the oil seals the compressor linkage path and lubricates the compressor. In the regeneration loop, water circulates between the condenser and evaporator to transfer the thermal energy from the condenser to the evaporator. In the oil circulation loop, the oil separated from the separator flows into the oil-water heat exchanger, where it is cooled by the cooling water from the cooling tower. The cold oil is then introduced to the compressor. Some of the oil is injected into the compression chamber to cool the compressed refrigerant vapor, in order to control the discharge refrigerant temperature, while the remaining oil is used to lubricate the bearings of the compressor. In order to control the discharge temperature and ensure that the compressor operates under a reasonable load near the standard working conditions, two technical measures are adopted in the experiment. Firstly, a reversed flow bypass is set from the outlet of the separator to the suction pipe of the compressor to introduce high-temperature refrigerant back to the suction of the compressor to increase the discharge temperature. By adopting this method, the compressor discharge pressure can be controlled to the desired level. Secondly, a side pipe is set across the side of the oil cooler, to increase the temperature of the injected oil, to then control the discharge temperature of the compressor.
Experimental Setup

All the pressures and temperatures are measured using pressure sensors and thermocouples, respectively. High precision K-type thermocouples are used to record the temperature with an accuracy of ±1 °C and are calibrated from −50 to 200°C. The pressure transducers are Kulite XTM-190 pressure transducers with an accuracy of ±1% FSO (35 bar). Those pressure transducers are also verified using high precision pressure gauges. A mass flowmeter with an accuracy of ±0.2% from 0 to 40 kg/h is used to measure the flow rate of the refrigerant in the refrigeration system.
A screw compressor is applied in the experimental system and its parameters are listed in Table  4 . The experimental operating conditions are listed in Table 3 . Before testing, a helium mass spectrometer (leak detector) is used to check the seal performance. A vacuum-pumping system is then used to ensure the standard vacuum condition in the system before the refrigerant is charged. 
Results and Discussion
To examine the performance of the accelerated bench test, two types of synthetic oils are used in the study. The first one is a mature synthetic refrigeration oil (Type A oil), which has been successfully applied in R134a refrigeration systems. The standard service life of this mature oil is more than 8000 h. If the bench test is effective, this oil should pass the test. This test provides a base for the evaluation of a newly developed synthetic refrigeration oil (Type B) which is applied in the test to predict its service life. The stability of the compressor and refrigeration system is first evaluated via the variation of discharge temperature, refrigeration capacity and compressor efficiency. Then, the degradation progress of the oils is further evaluated by analyzing the viscosity, flash point and an acid value of the oil samples extracted from the system every 70 h during the operation. In order to control the discharge temperature and ensure that the compressor operates under a reasonable load near the standard working conditions, two technical measures are adopted in the experiment. Firstly, a reversed flow bypass is set from the outlet of the separator to the suction pipe of the compressor to introduce high-temperature refrigerant back to the suction of the compressor to increase the discharge temperature. By adopting this method, the compressor discharge pressure can be controlled to the desired level. Secondly, a side pipe is set across the side of the oil cooler, to increase the temperature of the injected oil, to then control the discharge temperature of the compressor.
All the pressures and temperatures are measured using pressure sensors and thermocouples, respectively. High precision K-type thermocouples are used to record the temperature with an accuracy of ±1 • C and are calibrated from −50 to 200 • C. The pressure transducers are Kulite XTM-190 pressure transducers with an accuracy of ±1% FSO (35 bar). Those pressure transducers are also verified using high precision pressure gauges. A mass flowmeter with an accuracy of ±0.2% from 0 to 40 kg/h is used to measure the flow rate of the refrigerant in the refrigeration system.
A screw compressor is applied in the experimental system and its parameters are listed in Table 4 . The experimental operating conditions are listed in Table 3 . Before testing, a helium mass spectrometer (leak detector) is used to check the seal performance. A vacuum-pumping system is then used to ensure the standard vacuum condition in the system before the refrigerant is charged. 
To examine the performance of the accelerated bench test, two types of synthetic oils are used in the study. The first one is a mature synthetic refrigeration oil (Type A oil), which has been successfully applied in R134a refrigeration systems. The standard service life of this mature oil is more than 8000 h. If the bench test is effective, this oil should pass the test. This test provides a base for the evaluation of a newly developed synthetic refrigeration oil (Type B) which is applied in the test to predict its service life. The stability of the compressor and refrigeration system is first evaluated via the variation of discharge temperature, refrigeration capacity and compressor efficiency. Then, the degradation progress of the oils is further evaluated by analyzing the viscosity, flash point and an acid value of the oil samples extracted from the system every 70 h during the operation. Figure 2 shows the discharge temperature of the compressor and refrigeration capacity of the system during the first 500 h of operation. It should be noted that the refrigeration capacity of the system is lower than the actual refrigeration capacity, since a reversed refrigerant flow bypass is introduced from the discharge to the suction of the compressor. However, it is important to use this refrigeration capacity as a reference to indicate the stability of the system. Figure 2a showed that the discharge temperature varies from 93 • C to 94 • C for the mature oil and from 91 • C to 93 • C for the newly developed oil. The refrigeration capacity varies from 11.25 kW to 11.75 kW for both oils. By considering the measurement error shown by the error bars in the figures, both discharge temperature and refrigeration capacity are quite stable during the test. This indicates that both oils are good for the application in the actual refrigeration system. Figure 2 shows the discharge temperature of the compressor and refrigeration capacity of the system during the first 500 h of operation. It should be noted that the refrigeration capacity of the system is lower than the actual refrigeration capacity, since a reversed refrigerant flow bypass is introduced from the discharge to the suction of the compressor. However, it is important to use this refrigeration capacity as a reference to indicate the stability of the system. Figure 2a showed that the discharge temperature varies from 93 °C to 94 °C for the mature oil and from 91 °C to 93 °C for the newly developed oil. The refrigeration capacity varies from 11.25 kW to 11.75 kW for both oils. By considering the measurement error shown by the error bars in the figures, both discharge temperature and refrigeration capacity are quite stable during the test. This indicates that both oils are good for the application in the actual refrigeration system. The efficiency of the compressor, η c , was defined as
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where m is the refrigerant mass flowrate through the compressor, h dis and h suc are the specific enthalpies of the refrigerant at the discharge port and suction port of the compressor, respectively, and P e is the electrical power input of the compressor. As shown in Figure 3 , the efficiency, η c , of the compressor remains almost the same during the test period. This implies that the working state and efficiency of the compressor were stable.
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Viscosity Evolution
The viscosity of the oil and the refrigerant-oil mixture is important to ensure the compressor and the refrigeration system operate safely and reliably [3, 18, 19] . Figure 4 shows the viscosity evolution of the two studied oils. The viscosity at the first point of −100 h represents the viscosity of the fresh oils before they are injected into the refrigeration system. The viscosity at the point of 0 h indicates the initial viscosity of the oils, after they are loaded into the refrigeration system with a few minutes of operation, to ensure all the oils are well mixed in the system. Oil viscosity evolution (Data at −100 h represents the fresh oil before loading into the system; data at 0 h represents the initial oil after loading into the system; the vertical lines refer to the error bars).
The viscosities of both of the two oils decreased after being injected into the system during the initial running for the first few minutes, which indicated that the refrigerant had effects on the oil viscosity. The oil characteristics are different between the fresh oil and refrigerant-oil mixture. Therefore, this implies that the bench test for the oil is important and meaningful.
As shown in Figure 4 , as the refrigeration system continues to operate, the viscosity of the oil A increased slowly and then reached a stable condition after the system operated for about 400 h. 
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As shown in Figure 4 , as the refrigeration system continues to operate, the viscosity of the oil A increased slowly and then reached a stable condition after the system operated for about 400 h. Oil viscosity evolution (Data at −100 h represents the fresh oil before loading into the system; data at 0 h represents the initial oil after loading into the system; the vertical lines refer to the error bars).
As shown in Figure 4 , as the refrigeration system continues to operate, the viscosity of the oil A increased slowly and then reached a stable condition after the system operated for about 400 h. However, oil B shows a different trend. The viscosity of oil B continuously decreased during the first 300 h and then gradually stabilized. According to the standard (DIN 51503-2), a viscosity variation of ±15% would trigger the oil drain. However, it was found that the viscosity of oil A decreased from 147.55 mm 2 /s to 105.95 mm 2 /s after being loaded into the system. This was a decrease of approximately 28.2%, which was higher than the 15% specified by the standard used. After 73 h of operation, its viscosity increased to 127.55 mm 2 /s, which was 13.6% lower than the fresh oil viscosity. After 500 h of operation, the viscosity increased to 139.22 mm 2 /s, which was 5.6% lower than the fresh oil viscosity. Since oil A is a mature oil that has been successfully applied in refrigeration systems, it could be concluded that a rapid initial decrease in the oil viscosity should not trigger the oil drain. These results indicated that the effectiveness of a given refrigeration oil should not be determined by the drop of the viscosity in the initial stage. The justification for the quality of the oil viscosity should depend on whether the system has reached stable operation. The decision of whether or not the oil should be replaced should be made only when the variation of the viscosity of the refrigeration oil in the system is larger than 15% during the stable operation. This further demonstrated that the bench test evaluation is important for justifying the efficacy of the refrigeration oil.
The viscosity of the oil B dropped from 144 mm 2 /s to 128 mm 2 /s in the initial stage, representing a decrease of approximately 11%. The viscosity continued to drop to 100 mm 2 /s during subsequent testing, or approximately a 22% drop from the operating hours 50 to 275. Based on the aforementioned standard, this oil B does not meet the requirement and should be replaced. However, the viscosity soon stabilized between 100 mm 2 /s and 114 mm 2 /s for the rest of the experimental running period. This variation is less than 15%. Meanwhile, the compressor efficiency and discharge temperature, and the refrigeration capacity, did not show a significant change. Also, no rotor abrasion was found. These observations indicated that there was no need to drain the refrigeration oil. Thus, the current standard for the oil drain seems too strict and should consider the variation of the refrigeration oil during the long term operation. Figure 5 shows the acid value evolution of the two oils during the experimental study. Overall, both oils showed a continuously rising trend in acid value. Taking the acid value of the fresh oil as references, the acid value changes of the two oils exceeded 15% after 500 h of operation. As mentioned above, the oil A is a mature oil that has been successfully applied in refrigeration systems for years. Thus it seemed that the oil drain indexes of ±15% of the acid value were too strict. The acid value of oil B increased by 23.7%, while the acid value of oil A increased by 37.7%. If oil A is taken as a baseline, oil B should also be qualified for the application in the refrigeration system. However, oil B shows a different trend. The viscosity of oil B continuously decreased during the first 300 h and then gradually stabilized. According to the standard (DIN 51503-2), a viscosity variation of ±15% would trigger the oil drain. However, it was found that the viscosity of oil A decreased from 147.55 mm 2 /s to 105.95 mm 2 /s after being loaded into the system. This was a decrease of approximately 28.2%, which was higher than the 15% specified by the standard used. After 73 h of operation, its viscosity increased to 127.55 mm 2 /s, which was 13.6% lower than the fresh oil viscosity. After 500 h of operation, the viscosity increased to 139.22 mm 2 /s, which was 5.6% lower than the fresh oil viscosity. Since oil A is a mature oil that has been successfully applied in refrigeration systems, it could be concluded that a rapid initial decrease in the oil viscosity should not trigger the oil drain. These results indicated that the effectiveness of a given refrigeration oil should not be determined by the drop of the viscosity in the initial stage. The justification for the quality of the oil viscosity should depend on whether the system has reached stable operation. The decision of whether or not the oil should be replaced should be made only when the variation of the viscosity of the refrigeration oil in the system is larger than 15% during the stable operation. This further demonstrated that the bench test evaluation is important for justifying the efficacy of the refrigeration oil.
Acid Value
The viscosity of the oil B dropped from 144 mm 2 /s to 128 mm 2 /s in the initial stage, representing a decrease of approximately 11%. The viscosity continued to drop to 100 mm 2 /s during subsequent testing, or approximately a 22% drop from the operating hours 50 to 275. Based on the aforementioned standard, this oil B does not meet the requirement and should be replaced. However, the viscosity soon stabilized between 100 mm 2 /s and 114 mm 2 /s for the rest of the experimental running period. This variation is less than 15%. Meanwhile, the compressor efficiency and discharge temperature, and the refrigeration capacity, did not show a significant change. Also, no rotor abrasion was found. These observations indicated that there was no need to drain the refrigeration oil. Thus, the current standard for the oil drain seems too strict and should consider the variation of the refrigeration oil during the long term operation. Figure 5 shows the acid value evolution of the two oils during the experimental study. Overall, both oils showed a continuously rising trend in acid value. Taking the acid value of the fresh oil as references, the acid value changes of the two oils exceeded 15% after 500 h of operation. As mentioned above, the oil A is a mature oil that has been successfully applied in refrigeration systems for years. Thus it seemed that the oil drain indexes of ±15% of the acid value were too strict. The acid value of oil B increased by 23.7%, while the acid value of oil A increased by 37.7%. If oil A is taken as a baseline, oil B should also be qualified for the application in the refrigeration system. Figure 5 . Acid value evolution (Data at −100 h represents the fresh oil before being loaded into the system, data at 0 h represents the new initial oil after being loaded into the system; the vertical lines refer to the error bars).
Wear Resistance and Carbon Deposition
Appropriate viscosity of the refrigeration oil provides good lubrication between clearances of the screw compressor. Figure 6 shows the pictures of the rotors of the screw compressor before and after testing with oil A and oil B for about 500 h. It was clear that no abrasion could be found on rotor surfaces. Figure 5 . Acid value evolution (Data at −100 h represents the fresh oil before being loaded into the system, data at 0 h represents the new initial oil after being loaded into the system; the vertical lines refer to the error bars).
Appropriate viscosity of the refrigeration oil provides good lubrication between clearances of the screw compressor. Figure 6 shows the pictures of the rotors of the screw compressor before and after testing with oil A and oil B for about 500 h. It was clear that no abrasion could be found on rotor surfaces. Carbon deposition of the oils on the compressor discharge port surface is often used to judge the thermo-stability of the refrigeration oils. This carbon deposition largely depends on the discharge temperature. The deposition speed increases as the discharge temperature increases. As shown in Figure 7 , no carbon deposition was found on the discharge port, despite the much higher discharge temperature used in the evaluation test. This further demonstrated the oil A and B are suitable for application in the refrigeration systems. Carbon deposition of the oils on the compressor discharge port surface is often used to judge the thermo-stability of the refrigeration oils. This carbon deposition largely depends on the discharge temperature. The deposition speed increases as the discharge temperature increases. As shown in Figure 7 , no carbon deposition was found on the discharge port, despite the much higher discharge temperature used in the evaluation test. This further demonstrated the oil A and B are suitable for application in the refrigeration systems.
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